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Naphthalenetetracarboxylic diimides (NDIs) are
efficient electron acceptors due to their high electron affinity.
They are applied in heterogeneous catalysis and organic
electronics. In this work, we report, for the first time, the synthesis
of N,N’-bis[3-(triethoxysilyl)propyl]-1,4,5,8-naphthalenediimide
(NDI-silane) as a molecular crystal obtained from recrystallization
in petroleum ether. The compound is stable in air conditions and
chloroform solution. Its crystal structure was determined by single-
crystal X-ray diffraction. We have characterized the intermolecular
dispersive interactions by density functional theory calculations,
indicating that the stability of the crystal in air conditions is related ]
to dispersive interactions. Furthermore, we characterize the optical T ety
and photoelectrical properties of thin NDI-silane films, demon-
strating photoinduced conductivity over a wide range of temperatures (10—300 K). Remarkably, a venture of NDI-based
organosilica can be obtained from stable NDI-silane crystals, prominent materials in organoelectronics and photocatalysis. As a proof
of concept, we prepare mesoporous organosilicas with 100% NDI-silane using the ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate as a templating and sol—gel catalytic agent. These materials show a well-formed organosilica network, presenting
only Ty and T, Si species, as probed by solid-state *’Si NMR. As a result, the mesoporous materials are considerably more resistant
to thermal degradation than the crystals, being stable up to 450 °C. According to N, adsorption isotherms and transmission electron
microscopy images, they demonstrate microporous and mesoporous structures associated with narrow slitlike pores.

naphthalenediimide, organic electronics, sol—gel synthesis, mesoporous organosilica, photoconductivity properties

stack and promote intermolecular electron transfer, enhancing
charge-transport efficiency.”'® The NDIs have also been
employed as organic field-effect transistors,'*"* light—emittin%
diodes,”® electrochromic and photochromic materials,** ™
photocatalyst agents,”® lithium-ion batteries,”* and gas
storage.

In this work, we report for the first time the preparation and
characterization of N,N’-bis[3-(triethoxysilyl)propyl]-1,4,5,8-
naphthalenediimide (NDI-silane) as a molecular crystal (see
the structure in Figure 1). Its composition and stability in
solution were characterized by NMR spectroscopy. The crystal

Naphthalenetetracarboxylic diimides (NDIs) are electron-
deficient aromatic systems that have been proposed as
backbones or skeletons for electron acceptor applications due
to their relatively high electron affinity, as well as their thermal
and ambient air stability.' > They are chemically flexible and
can be easily synthesized from naphthalenetetracarboxylic
dianhydride (NTCA) with primary amines, which allows for
the synthesis of NDI derivatives with a wide range of amine
substituents.””” In particular, one can functionalize NDI with
oxysilane groups to allow sol—gel chemistry in functional
materials."~® The two-step reduction of the NDIs gives rise to
relatively stable anion radicals and dianions. The reduction can May 23, 2024
be accomplished by chemical,” ™ electrochemical,'’ or photo- June 25, 2024
chemical'' routes. Since the first report of the high electron June 27, 2024
mobility displayed by some NDI derivatives,'> they have July 8, 2024
attracted increasing attention as n-type organic semiconductors

for organic electronics.'”~"> In addition, they are prone to 7-
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Figure 1. 2D representation of the NDI-silane structure.

structure was obtained from single-crystal X-ray diffraction
(SCXRD) and confirmed by the Laue patterns of electron
diffraction of single crystals in transmission electron micros-
copy (TEM). The formation and stability of the NDI-silane
crystal are understood by the intermolecular interaction
between the NDI rings and siloxyl groups.

The syntheses of analogous pyromellitimide (PMI) and
perylenediimidediimide (PDI) derivatives, namely, N,N’-bis[3-
(triethoxysilyl) propylJpyromellitimide™~* and N,N’-bis[3-
(triethoxysilyl)propyl]-3,4,9,10-perylenediimidediimide,””~>*
have already been reported. In a previous paper, we reported
the extraction of NDI-silane by reacting NTCA over (3-
aminopropyl)triethoxysilane, then precipitating a solid in
petroleum ether, and finally extracting the pure compound in
acetone.” We prepared mesoporous organosilicas SBA-15-NDI
and demonstrated their photocatalytic activity in the photo-
degradation of sulfadiazine. It was also possible to prepare
photochromic thin films.** However, it is very challenging to
obtain mesoporous organosilicas containing high amounts of
the organic precursor without compromising their structure
from such solutions. In the previous report, we could prepare
an organosilica that preserves the SBA-1S structure by mixing
only up to 16% by weight of NDI-silane with 84% of
tetraethylorthosilicate.’

The synthesis of NDI-silane as a stable and widely soluble
molecular crystal opens possibilities for the preparation of new
organosilicas with controlled inorganic-to-organic ratios,
molecular packing, and morphology by taking advantage of
sol—gel chemistry in the ethoxysilane group. This permits the
preparation of a rigid NDI-modified silica network, aiming for
high electron transport simultaneously with increased
durability, which is crucial in many applications. We present
here the preparation of a NDI-silane thin film and mesoporous
organosilica containing 100% NDI-silane using the ionic liquid
(IL) 1-butyl-3methylimidazolium tetrafluoroborate as a
templating and sol—gel catalytic agent. The thin film was
characterized by its optical and electrooptical properties in
combination with time-dependent density functional theory
(TD-DFT) calculations. The mesoporous materials were
characterized by solid-state NMR, thermogravimetric analysis
(TGA), N, adsorption isotherms, and TEM.

For the preparation, 6 mL (26 mmol) of (3-aminopropyl)-
triethoxysilane (APTES, Sigma-Aldrich) was heated to 130 °C in an
oil bath. Then 1.62 g (6 mmol) of 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCA, Sigma-Aldrich) was added in small portions for
about S5 min, resulting in a clear reddish solution. APTES acts as both
a reagent and a solvent in this process. The mixture was allowed to
cool and poured into 100 mL of petroleum ether, resulting in
instantaneous precipitation. The crystallization was centrifuged at
10000 rpm for 10 min, resulting in two phases: supernatant and
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pellets. The supernatant, presenting an orange color, was collected in
a beaker and stored at —18 °C for 24 h when orange crystals
precipitate. The crystals were collected, washed with 10 mL of cold
petroleum ether (Synth), and vacuum-dried for 3 h at ambient
temperature, yielding about 860 mg of NDI-silane crystals (21%
yield), yet impure, with the remaining APTES.

The resulting 860 mg of crystals were subjected to recrystallization
to purify them. They were dissolved in 120 mL of a 1:1 (v/v) solution
of petroleum ether with ethyl ether (Synth), heated to the boiling
temperature, cooled, filtered, and stored until they form new pure
crystals. The storage was made in two different conditions. In the first
condition, the solution was stored at —18 °C for 24 h when orange
microcrystals were formed. In the second condition, the solution was
stored at ambient temperature for 4 days until it formed single
crystals. Figure S1 shows digital photographs and optical microscopy
images of NDI-silane microcrystals formed at —18 °C and single
crystals at ambient temperature.®®

The crystals were collected and washed with 10 mL of a petroleum
ether/ethyl ether solution and dried under vacuum for 4 h, obtaining
around 410 mg of stable and pure NDI-silane crystals (10% yield).

NDI-silane thin films were spin-coated from tetrahydrofuran (THF)
solutions in cleaned glass substrates. For optimization of the film
thicknesses, different rotation speeds, droplet volumes, and solution
concentrations were evaluated. Regarding the concentration, we
started with solutions of 20 and 30 g L™". The droplet volume was
varied at 100 and 150 uL, and the rotation speed was at 700, 850,
1000, and 1250 rpm for 30 s. The samples were subjected to thermal
treatment from 30 to 80 °C with a heating rate of 10 °C/h. The best
parameters were based on the target thickness (~300 nm) and
homogeneity, as obtained by the surface profiles of a Tencor P-7
profiler and by atomic force microscopy (AFM) with an Agilent S500
series instrument at room temperature. Scanning electron microscopy
(SEM) was obtained with a JEOL JSM-6010LA scanning electron
microscope using a secondary electron imaging detector with an
acceleration voltage of 10 kV.

The protocols for preparing mesoporous organosilica were based on
ref 36. In the first step, 40 mg of benzoic acid was solubilized in 3.15
mL of ethanol (Synth, P.A.). Then, 0.75 mL of a 0.1 M HClI solution
and 55, 29, and 14 uL of the IL 1-butyl-3methylimidazolium
tetrafluoroborate (99.9%, Sigma-Aldrich) were added to this vessel,
according to NDI-silane/IL molar ratios of 1:2, 2:1, and 4:1,
respectively (see the molar quantities in Table 1). In another vessel,

Table 1. Molar Quantities of the Precursors for the
Preparation of Organosilicas

NDLIL molar  benzoic acid NDI-silane 1L

sample ratio (mmol) (mmol) (mmol)
NDI-silica A 1:2 0.54 0.47 0.96
NDI-silica B 2:1 0.35 0.31 0.16
NDI-silica C 4:1 0.35 0.31 0.08

200 mg of NDI-silane crystal was solubilized in 3.15 mL of acetone.
Then, the second solution was added dropwise to the first, and the
mixture was poured into a Petri dish. The solution solidified between
15 min and 3 h, and the solid was allowed to dry at room temperature
for 1 week, followed by drying for 24 h at 60 °C and 72 h at 80 °C.
Finally, the IL was removed via Soxhlet extraction in acetonitrile for 2
days, followed by drying of the resulting powder for 24 h at 80 °C. We
did not observe traces of the IL in the 'H or *C NMR spectra of the
mesoporous materials.

The NDI-silane crystals were crushed before the PXRD measurement.
Data were collected in transmission geometry on a STADI-P

https://doi.org/10.1021/acsaenm.4c00341
ACS Appl. Eng. Mater. 2024, 2, 19761986


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.4c00341/suppl_file/em4c00341_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig1&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.4c00341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

diffractometer (Stoe, Darmstadt, Germany) with Cu Ka, radiation (4
= 1.54056 A) selected by a curved Ge(111) crystal, with a tube
voltage of 40 kV and a current of 40 mA. A Mythen 1K detector
(Dectris, Baden, Switzerland) recorded the pattern from 2.000° to
111.935° (26) in steps of 0.015° and a counting time of 100 s at each
1.05°. The indexed PXRD pattern is displayed in Figure $2.%

SCXRD experiments were conducted using an Oxford Gemini
diffractometer with Cu Ka radiation at around 200 K. X-ray
diffraction data integration and scaling of the reflection intensities
were performed with the CrysAlisPro 1.171.42.68a suite. The final unit
cell parameters were based on fitting all measured reflection positions.
Analytical numeric absorption correction using a multifaceted crystal
model was based on expressions derived by Clark and Reid.”’”
Empirical absorption correction was employed using spherical
harmonics, implemented in the CrysAlisPro SCALE3 ABSPACK
scaling algorithm.

The program XPREP*® was used for the space group identification
and final data reduction, and the structures were solved using the
SHELXT program,*” implemented in WinGX."* The positions of all
but the hydrogen atoms could be unambiguously assigned on
consecutive difference Fourier maps.

Refinements were performed using SHELXL"' based on F? through
the full-matrix least-squares routine. The hydrogen atoms of all
methyl, methylene, and aromatic groups were added to the structure
in idealized positions and further refined according to the riding
model [C—H = 0.97 A; U,(H) = 1.2U,(C)]. All except hydrogen
atoms were refined with anisotropic atomic displacement parameters.
The crystal data, data collection, temperature, and structure
refinement details are summarized in Table S1. The CIF file has
already been deposited with the CCDC under deposition number
2351484.

The structural investigation of the samples was also carried out using a
high-resolution transmission electron microscope (Thermo Fischer
Talos F200X-G2) operating at a 200 kV accelerating voltage using a
field-emission gun. The diffraction patterns were obtained by the
selected-area electron diffraction technique using a physical aperture
of 200 nm.

Liquid-state "H, *C, and ?*Si NMR spectra were measured with a
Varian VNMRS 500 MHz spectrometer operating at the resonance
frequencies 99.3 MHz (*Si) and 125.7 MHz (°C). The measure-
ments were done by 45° single pulse (SP), 'H COSY, and 'H{"*C}
HSQC at a temperature of 27 °C in static samples. The parameters
for the 'H and *C NMR spectra were standard, around 4 us for the
pulse length and 1 s for the recycle delay and acquisition time. For
»Si NMR, a 6—8 s recycle delay was needed for full relaxation (as
observed by an inversion—recovery T| measurements). The COSY’s
parameters were 0.5 s for acquisition time, 1 s for relaxation delay,
mixing delay of 20 ms, acquiring 512 increments in the indirect
dimension until 0.1 s evolution time, with 4 transients collected (in
the direct dimension). The HSQC parameters were 0.5 s for the
acquisition time and 1 s for the relaxation delay, acquiring 128
increments in the indirect dimension until 0.006 s evolution time,
with 16 transients collected (in the direct dimension). The spectra are
displayed in Figures $3—58.%°

Solid-state **Si NMR experiments were conducted with the same
Varian VNMRS 500 MHz spectrometer at a magic angle spinning
(MAS) of 15 kHz (SP-MAS) at ambient temperature (around 23 °C)
using the tppm '"H decoupling pulse sequence.” Typical acquisition
parameters were a 'H-7/2 pulse length of 2.5 us and a *Si-z/2 of 3.5
us, with a relaxation delay of 100 s. 'H and *C NMR experiments
were performed with a 600 MHz Avance Neo Bruker spectrometer
with typical 7/2 pulse lengths of 1.2 and 2.0 us for 'H and *C,
respectively. '"H double quantum—single quantum (DQ—SQ) experi-
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ments were performed under 60.8 kHz MAS using an R14; symmetry-
based homonuclear recoupling scheme with no homonuclear
decoupling during DQ _evolution.”> "H{!3C} cross-polarization (CP)
and heteronuclear correlation (HETCOR) spectra were measured at
60 kHz MAS with 'H detection, using a double-CP pulse sequence,**
with a contact time of 2 ms. The 'H{*C} HETCOR spectrum of the
NDI-silane crystal is displayed in the paper and that of NDI-silica A in
Figure $9,> for completeness. Chemical shifts are reported relative to
tetramethylsilane at 0 ppm for all isotopes, using a-glycine as a
secondary reference, *C[6(C=0)] = 176.5 ppm and '"H[6(NH,)] =
8.5 ppm.™>*® Talc was used as a secondary reference for 2°Si with an
isotropic chemical shift at —98.1 ppm.

The UV—vis absorption spectra of a 107* M toluene solution and thin
film were obtained with a Varian Cary 50 spectrophotometer at room
temperature. The emission and excitation spectra were obtained with
a Shimadzu RF-6000 spectrofluorimeter with an incident beam at an
angle of ~30° and a detector at ~60° concerning the normal vector
for the thin film.

For the electrical conductivity, two gold electrodes were deposited
0.35(1) mm apart on the film’s surface by thermal evaporation at 107*
Pa using a gold mass of 13 mg. The distance between the electrodes
was measured in an optical microscope. This geometry permits
reproducible measurements to be performed over various temper-
atures. Temperature dependence was done on an ARS closed-circuit
cryostat system coupled to a 331 Lakeshore temperature controller.
The measurements were performed with a Keithley 2400 C
sourcemeter with a current of 1—10 A over a temperature range
of 10—300 K in the dark and under the incidence of a 1 = 405 nm
laser with a power of 1000 W at a fixed distance of S cm. The beam
laser area has 3 mm?; thus, the light power per area applied was 333
‘W/mm.

TGA was performed with a TA Instruments QS00 analyzer, recorded
at a heating rate of 10 °C/min from 30 to 800 °C in a nitrogen
atmosphere.

The N, adsorption isotherms were obtained with a Quantachrome
model Nova 2200e. Initially, the samples were degassed for 24 h at
110 °C to remove water and impurities. Next, N, adsorption
isotherms were measured over 60 points until saturation. The surface
area of the mesopores were calculated using the Brunauer—Emmett—
Teller (BET) method.*” In addition, the pore-size distribution was
determined by the Barrett—Joyner—Halenda (BJH) method at the
desorption points of the isotherms.**

We performed DFT calculations under boundary periodic conditions
to relax the crystal structure, calculate the binding energies
appropriately for finite systems, obtain the binding energies of the
NDI pairs, and interpret the optical properties of the thin film.
2.12.1. Calculations with Periodic Boundary Conditions.
The DFT calculations were based on a localized orbital description of
the Kohn—Sham wave functions as implemented in the Siesta code*
and considering a nonlocal van der Waals (vdW) xc-functional, as
proposed by Berland and Hyldgaard.>® The core electrons were
described by norm-conserving pseudopotentials in the Troullier—
Martins form,”’ and the valence electrons were described using a
double-{-polarized (DZP) basis set of numerical atomic orbitals.
2.12.2. Calculations for Finite Systems. The starting geometry
of the NDI-silane as a single molecule was taken from the
naphthalenediimide crystal structure (CCDC 945184) [and replaced
the dimethylamine for (triethoxysilyl)propyl]. The starting geometry
of the H-cluster system, emulating a viable cluster geometry in the
thin film, was obtained by approximating the two molecules at plane-
to-plane distances smaller than equilibrium distances (typically 3.4 A).
After geometry optimization of this H-dimer, they were replicated and
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twisted in order to approximate one (triethoxysilyl)propyl site to the
naphthalenediimide ring. These geometries were obtained from DFT
geometry optimizations using the M06-2X functional®” with the 6-
31G(d,p) basis set. The binding energies of the NDI-silane molecular
pairs obtained from the crystalographic data + DFT relaxed structures
(section 2.12.1) were calculated using the same M06-2X functional
with the 6-311G++(d,p) basis set, with the counterpoise correction to
the basis set superposition error as proposed by Boys and Bernardi.*®
These DFT approximations have been shown to accurately reproduce
the intermolecular distances and binding energies of parental
molecular systems.>*

Calculations of the ionization energies and excitation spectra were
performed with the range separated hybrid (RSH) functional ®PBE,’*
composed of PBE, (exchange) at short range and nonlocal Fock-like
exact exchange (EXX) at long range, with PBE_ (correlation) at all
ranges, also with the 6-31G(d,p) basis set. The range separation
parameter (@) was determined for each system following the
established tuning procedure® of choosing  such that the difference
between the first ionization energies (ionization potential, IP, and
electron affinity, EA) and the HOMO eigenvalues is minimized
(énomo)- This optimally tuned RSH (OT-RSH) functional approach
has been shown to reproduce reliably localized and charge-transfer
excited states.’”*® Excitation spectra were obtained from linear
response TD-DFT using the OT-RSH functional. The calculations
described above were performed using the Q-Chem software.”” All
isosurface densities were plotted using the Molden® and VMD®'
plotting packages with a density factor of 0.01.

In order to verify the purity of the compound, we characterized
the compound in CDCIl; by liquid-state NMR. The as-
synthesized compound shows only peaks attributed to NDI-
silane (for the 'H and *C NMR spectra, see Figures S3—
$8).>> All correlations observed in the COSY and HSQC
experiments led to the peak assignments as displayed in the
Supporting Information™ (note that the NMR shifts in
solution are slightly different from the solid state in the
NDI-silane crystal). Most remarkably, from the 'H{*C}
HSQC experiment, we note that the peak at 130.9 ppm
belongs to the protonated aromatic carbon atoms and the
peaks at 126.6 and 126.7 ppm belong to the quaternary carbon
atoms of the naphthalenediimide.”> The 2°Si NMR spectrum
has a single peak at —46.21 ppm (see below), similar to MPS-
silane [3-(trimethoxysilyl)propyl methacrylate], observed at
—43.16 ppm, and APTES, observed at —44.4 ppm,®” indicating
the presence of the ethoxysilane group without hydrolysis of
the compound.

To test the stability of the compound in solution, the NMR
tube was kept at ambient conditions for about 3 months and
weekly; after solvent evaporation, the compound was diluted
again in CDCIl; and measured. For up to 8—9 weeks after
synthesis, the compound was intact, and after 10 weeks, there
were additional peaks, most remarkably at 0.90 ppm,
accounting for about 15% compared to the CH, at 0.76 ppm
(Table S2).>> The same conclusions can be taken from the *C
NMR spectra, with a peak at 29.7 ppm appearing in the 10th
week (not shown).

Figure 2a shows an optical microscopy image of a single
crystal, Figure 2b shows a 2 X 2 X 2 supercell structure
projecting along the b axis, as obtained by SCXRD, and Figure
2c shows the pair of nonequivalent NDI-silane molecules in
the unit cell. The triclinic P1 space group was confirmed by the
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[a)

Figure 2. (a) Image of a single crystal taken with an optical
microscope. (b) 2 X 2 X 2 supercell plot along the b axis of the NDI-
silane crystal structure as determined by single-crystal DRX. (c)
Structural detail of the z-stacked nonequivalent NDI-silane molecules.
Blue circles are superposed in the NDI rings to emphasize their
twisted orientation.

PXRD pattern (Figure S2)* and electron diffraction, with a
unit cell of a = 8.4856(2) A b = 8.9180(2) A, and ¢
23.0198(6) A and a = 89.157(2)°, B = 86.667(2)°, and y =
85.5892(2)°. Figure S10a shows the usual bright-field
electrograph in TEM, and Figure S10b shows a high-angle
annular-dark-field (HAADF) image by the scanning TEM
technique® indicating the homogeneity of the crystals on a
micrometric scale. Parts c—h of Figure S10*° show six
diffraction patterns for different crystallographic orientations,
with their respective zone axes indexed.

The stability of the compound in air conditions is relatively
unusual for organosilica compounds because the siloxyl groups
are prone to hydrolysis in the presence of water. This property
can be related to the intermolecular interactions in the crystal
structure, which we discuss by simplifying them into molecular
pairs. The unit cell has two nonequivalent z-stacked
naphthalenediimide rings separated by about 3.5 A that are
twisted by a dihedral angle of 37° (Figure 2c). These
molecules have a binding energy of 99.7 kJ/mol (1.03 eV),
which is quite high compared to similar systems that are
considered highly coupled. For comparison, Kumar et al.
investigated the charge-transfer performance of several
combinations of z-stacked donor—acceptor systems and
found distinctive results for the pyrene—NDI pair.*® Its good
charge-transfer performance was correlated to a high
association constant that was reasoned based on a frontier
orbital congruence between the molecular units.”* Its optimal
interplanar distance is about 3.35 A, and the binding energy is
about 18 kcal/mol (0.19 eV).>* Thus, this is the “piling up”
interaction responsible for the stability of the compound along
the a axis. Figure 3 shows a slice in the c-axis direction with
three “lined-up” NDI-silane molecules and a “twisted” one.
The lined-up molecules # and 6 show a dispersive interaction
between the siloxyl groups, with a binding energy of 21.4 kJ/
mol (0.22 eV). This is the interaction responsible for the
stability of the structure along the ¢ axis. Finally, the lined-up
molecule 6 and the twisted molecule y have their siloxyl groups
dispersively interacting with a binding energy of 25.7 kJ/mol
(0.27 V). This interaction is responsible for the stability of the
structure along the b axis.

We have also characterized the solid-state NMR features of
the compound, which brings additional information. Figure 4
shows the solid-state '*C CP-MAS NMR spectrum of the
NDI-silane crystal and respective peak attributions in Table 2
(see the discussion on the mesoporous materials in section
3.4). The ®C CP-MAS NMR spectrum for the NDI-silane
crystal with 2 ms contact time is similar to the one in CDCI;
(Figure S3),> except for an expected line broadening, Table 2
summarizes the '*C and 'H NMR peak assignments based on
the liquid-state NMR and '"H-'H SQ-DQ and *C—'H CP-
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Figure 3. (a) Top projection (approximately along the a axis) and (b)
side projection (approximately along the b axis) of a b-axis direction
slice of the NDI-silane crystal structure. Molecules a, f, and y are
described as “lined-up” molecules, and molecule y is described as a
“twisted” molecule.

CP2ms
NDI-silica A
2
NDI-silane
crystal
CP 50 ps
L 1 1 1 1
200 150 100 50 0
8 (ppm)

Figure 4. '*C CP-MAS NMR spectra of the NDI-silane crystal and
NDI-silica A. For the crystalline sample, a spectrum acquired using a
short CP contact time of 50 ys is also shown.

Table 2. *C and "H NMR Assigned Peaks of the NDI-silane
Crystal

assignment BC (+0.5 ppm) 'H (+0.1 ppm)
C, 8.5 0.8
s 2.6 20
C, 44.6 34
CH, 19.6 13
OCH, 59.3 3.8
C, 161.8
C, Cs 126.3/124.8
C, 131.8 8.5, 7.8

HETCOR correlations (discussed below). Note, however, that
there is a split at 7.8 and 8.5 ppm for 'H at the C, position,

1980

otherwise observed as one peak at 8.76 ppm in the liquid state.
This is related to the nonequivalent molecules in the NDI-
silane crystal structure, also noticeable in the *’Si NMR (see
below).

An additional CP-MAS experiment with a short contact time
(50 ps) was performed, providing spectral editing (Figure 4,
bottom). In this experiment, the signal for a nonprotonated or
highly mobile carbon species is suppressed. A comparison of
the spectra obtained for long contact and short contact times
allows us confirm the previous attribution based on the
"H{"*C} HSQC experiment. The peaks at 125.6 ppm are
absent in the short-contact spectrum, while the opposite holds
for the peak at 131.5 ppm. Notably, the ethyl groups are also
lacking in the spectrum acquired with a short contact time,
demonstrating that they are mobile species in the crystal
structure.

The "H{*C} HETCOR spectrum acquired with fast MAS
(60 kHz) and proton detection for the NDI-silane crystal is
shown in Figure S. The experiment was carried out using a
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Figure 5. '"H{"*C} HETCOR spectra of the NDI-silane crystal. The
spectra were measured at 60 kHz MAS and a contact time of 2 ms.
For simplicity, the projection in the '*C dimension is the CP-MAS
spectrum. Peak attributions are provided in Table 2.

relatively long contact time, 2 ms, in order to probe the H-C
spatial proximity through the 'H—'*C heteronuclear dipolar
coupling. The spectrum shows the expected correlation peaks
based on the molecular structure (Figure 1). 'H species in the
CH, (and CHj;) groups show chemical shifts in the range from
0.8 ppm (H,) to 3.5 ppm (H,), while aromatic protons
resonate at 7.8—8.5 ppm. Most interestingly, the 'H{'*C}
HETCOR spectrum shows a correlation between quaternary
aromatic carbons 3 and $ and the ethyl protons in the OCH,
groups, indicating the spatial proximity of 5—6 A between
some of these sites for the nonequivalent molecules in the unit
cell, as noted in the crystal structure.

Figure 6 shows a '"H DQ-SQ NMR correlation spectrum for
the NDI-silane crystal. As expected, double coherence is
observed among the aromatic protons, OCH, and CH;. It is
also observed between the OCH,—CH;, OCH,—aromatic, and
CH;—aromatic protons (off-diagonal terms).

Finally, the ?Si NMR spectrum of the NDI-silane crystal
shows two peaks at —45.1 and —46.6 ppm with 54% and 46%
contributions, respectively, corresponding to the ethoxysilane
group, as observed in the liquid-state *’Si NMR (Figure 7).
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Figure 6. 2D 'H DQ-SQ correlation spectrum for the NDI-silane
crystal. The black dashed curve indicates the 20—6 DQ-SQ_diagonal.
Peak assignments are provided in the figure, and magenta dashed
curves highlight relevant DQ-SQ_correlations.

Again, the two peaks related to the ethoxysilane groups are due
to the nonequivalent molecules in the unit cell.

NDlI-silica A

NDI-silane crystal

NDI-silgne in CDCl,

—40 —éO —éO -1 60 -1 éo
3 (ppm)

Figure 7. *Si NMR spectra of the NDI-silane in CDCl,, the NDI-
silane crystal and NDI-silica A. The *Si NMR spectrum of the NDI-
silane in CDCl; shows a broad peak around —110 ppm, which
belongs to the NMR tube.
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In order to demonstrate the potential materials and properties
that can be obtained from the NDI-silane crystals, we prepared
NDI-silane as a thin film in the first approach. We
characterized it concerning the optical properties and photo-
conductivity. It is important to remark that, when the
precursor is obtained as stable and pure crystals, thin films
could be prepared with controlled thickness and homogeneity
from solutions with well-defined concentrations of the desired
solvent (see section 2.2). Figure 8 shows the images and
morphology of the thin films with better thicknesses after heat
treatment from AFM images. It shows a homogeneous surface
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Figure 8. Topology and amplitude from the AFM (top) and SEM
(bottom) images of the NDI-silane thin film.

with a roughness on a submicron scale and a film thickness of
about 250 nm. This result could be reproducibly obtained from
a THF solution with a concentration of 30 g/L, a droplet
volume of 150 uL, and a rotation speed of 850 rpm for 30 s.
The SEM image confirms that the molecules aggregate in a
micrometric scale, interestingly, in a spherical shape.

Figure 9 shows the absorption and emission spectra
obtained for the toluene solution and NDI-silane as the
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Figure 9. (Left) UV—vis absorption and (right) emission spectra with
excitation at 365 nm for NDI-silane in a 10™* M toluene solution,
crystal, the thin film, and the glass substrate.

https://doi.org/10.1021/acsaenm.4c00341
ACS Appl. Eng. Mater. 2024, 2, 19761986


https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.4c00341?fig=fig9&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.4c00341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

molecular crystal compared to a thin film and glass substrate.
Absorption bands of NDI-silane in toluene are observed
around 380 and 362 nm. In the crystal, there is a broad band
from 425 nm extending to the UV, and in the thin film, it
shows absorption bands around 390 and 370 nm, both slightly
red-shifted in comparison to the toluene solution. The red-
shifted absorption bands are associated with aggregates, either
in the crystal or in the thin film. In order to confirm that, we
calculated the first excited states for NDI-silane as an isolated
molecule and for a cluster of four molecules as an H-aggregate
system [see the DFT and TD-DFT calculation details in
section 2.12, transitions listed in Table S3, and electron—hole
natural transition orbitals (NTOs) in Figure S11].*° We are
considering here that the isolated molecule approximates to
the molecule in toluene because it is an apolar and aprotic
solvent. The cluster of molecule in the plane-to-plane
configuration is one of the many viable molecular arrange-
ments in the film. The isolated molecule shows a first optically
excited state as S, at 3.64 eV (340 nm) with an oscillator
strength (O.S.) of 0.16. The cluster system shows the first
optically active state as S,; at 3.42 €V (362 nm) and an O.S. of
0.10, slightly red-shifted concerning the isolated molecule.

The emission spectra of NDI-silane in a toluene solution
show a broad band around 470 nm, similar to organosilica in
diluted concentrations,® attributed to the lowest excited-state
decay of the monomer. Differently, the NDI-silane crystals
show an emission around 430 nm, and the film shows well-
defined emission bands around 420 and 540 nm upon
excitation at 365 nm. As expected, the red-shifted absorption
bands and the splitting of the emission band into the crystals
and thin film compared to the diluted solution are related to
aggregates. The two emission peaks are associated with the
decay of the lowest excited electronic states of NDI-silane as
H-like aggregates (420 nm), present in the crystal structure
and 6ﬁ41m, and J-like aggregates (540 nm), present only in the
film.

Figure 10 shows the resistance of the NDI-silane film in the
dark compared to the film irradiated with a 405 nm laser as a
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Figure 10. Resistance as a function of the temperature of the NDI-
silane thin film in the dark and under A = 405 nm laser irradiation.

function of temperature in the range of 10—300 K. As
expected, in both cases, the resistance decays as the
temperature increases. This is the typical behavior of an
intrinsic semiconductor and is related to the rise in energy
available to promote charge carriers between bands and the
generation of free charges as temperature increases. The NDI-
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silane film showed high resistances in the dark, going from
5000 MQ at room temperature to 25000 MQ at 10 K. When
light shines on the sample, the resistances decrease abruptly to
about 10 M€ at room temperature, going to 25 M at 10 K.
The photoresistance observed is quite low for organic
semiconductors. For instance, a blend of MEH-PPV (90 wt
%) with C70 (10 wt %), which is a donor—acceptor polymeric
system optimized as a device, shows a corresg)onding resistance
of about 25 MQ/mm at room temperature.”> Note that the S;
NTO hole of the cluster system is localized in one specific
molecule, while the electron NTO is displaced over a second
coupled molecule (Figure S11).>> Thus, the conductivity
enhancement under laser exposure is related to the photo-
induced charge delocalization of the NDIs coupled as
aggregates.

Mesoporous organosilica were prepared with NDI-silane via
the sol—gel route in an acetone/ethanol solution in the
presence of the IL 1-butyl-3methylimidazolium tetrafluorobo-
rate. In this synthetic route, the IL acts as a mesoporous
templating and sol—gel catalytic agent.’ The materials were
prepared from precursor solutions with NDI-silane:IL molar
ratios of 1:2, 2:1, and 4:1, labeled as NDI-silica A, B, and C,
respectively (Table 1).

Figures 4 and 7 also show the *C and *’Si NMR spectra of
NDI-silica A as representative spectra of the mesoporous
materials. The *C CP-MAS NMR spectrum of NDI-silica A
shows the same peaks as the NDI-silane crystal, except for the
absence of the peaks at 58.4 and 18.3 ppm, belonging to the
ethyl groups that should disappear after sol—gel hydrolysis and
condensation (Figure 4, left). It also observed some additional
broadening due to the amorphous nature of the silica network.
Additionally, the 'H{**C} HETCOR spectrum for NDI-silica,
shown in Figure $9,”> shows the expected intramolecular
correlations, confirming the integrity of the NDI organic
moieties after the sol—gel reactions. The *’Si NMR spectrum
shows two peaks at —59 and —66 ppm coming from the T and
T3 siloxane groups,67 with contributions of 66% and 34%,
respectively (Figure 7). The absence of ethyl carbons and only
siloxane T, and T groups indicate the complete hydrolyzation
and high condensation of the sol—gel reaction with some
remaining siloxyl groups.

Figure 11 also shows the TGA plot of NDI-silica A in
contrast to that of the NDI-silane crystal. The NDI-silane
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Figure 11. TGA plots of the NDI-silane crystal and NDI-silica A.
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crystal shows an onset decomposition at 290 °C, similar to
other NDI derivatives.’®®” Interestingly, there is no weight loss
due to adsorbed water, although the measurement was done
without previous thermal treatment, indicating absent
structural water or adsorbed in the crystals. The mesoporous
material shows an onset of decomposition at 460 °C,
significantly higher than that of the NDI-silane crystal,
demonstrating that the silica network contributes to the
thermal stability of the material.

Figure 12 shows the N, adsorption of NDI-silica A, B, and
C, with their respective BJH pore size distributions.”” The pore
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Figure 12. N, adsorption isotherms of NDI-silica A, B, and C, with
their respective BJH pore diameter distributions.”®

diameters are about 3.8 + 0.3 nm wide, classified as
mesoporous materials.” The BET surface areas’ are given
by 45.9, 22.0, and 38.0 m*/g for NDI-=silica A, B, and C,
respectively. The isotherms resemble the H3 or H4 type,”!
associated with narrow slitlike pores. They also show
pronounced hysteresis at low relative pressure, indicating
irreversible uptake of molecules in pores or irreversible
chemical interaction between N, and NDI groups. Figure 13
shows the TEM images of the mesoporous NDI-silica. We
observe some control in morphology by using different NDI-
silane/IL ratios. NDI-silica A is observed mostly as fibers in the
micrometric scale, NDI-silica B is more spherical, and NDI-
silica C is spherical with a systematic presence of a nucleus,
indicating the presence of a more dense organosilica network.
In agreement with the interpretation of the N, isotherms, one
cannot observe nanopores in the scale of large pores, >10 nm,
but there is some contrast/rugosity in the nanometer scale
(right panels of Figure 13).

Thus, these materials demonstrate attractive alternatives for
active hosting materials, such as donor—acceptor molecular
systems for photoinduced charge separation. We are currently
exploring this organosilica backbone to propose durable
organic photovoltaic systems.

4. CONCLUSIONS

We have obtained N,N’-bis[3-(triethoxysilyl)propyl]-1,4,S,8-
naphthalenediimide as stable molecular crystals and charac-
terized its structure by combining experimental and theoretical
techniques. We obtained the crystallographic structure using
SCXRD and used this information to index by TEM, electron
diffraction, and PXRD. Because ethoxysilane is a highly
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Figure 13. TEM images of NDI-silica A, B, and C.

reactive sol—gel group in the presence of water, the crystal
stability is rationalized based on the intermolecular inter-
actions. This represents a significant advance in the preparation
of naphthalenediimide organosilica because it allows for the
combination of the electronic properties of naphthalenedii-
mide with the silica backbone in a highly flexible manner. This
opens up new possibilities for the development of inorganic—
organic electronic devices with high durability. As a proof of
concept, we prepared NDI-silane thin films and mesoporous
materials using 1-butyl-3methylimidazolium tetrafluoroborate
as a templating and sol—gel catalytic agent. The films
demonstrate a remarkable decrease in electrical resistance
under laser illumination. The mesoporous materials demon-
strate reasonable surface areas of about 40 m*/g and narrow
slitlike pores of about 4 nm, indicating irreversible uptake
properties. Thus, these materials are promising candidates to
structure devices with stable photoinduced charge-transfer
mechanisms.
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